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Ribosome and free amino acid content in muscle during hemodialysis.
Patients (N = 8) with chronic renal failure and uremia treated with
hospital hemodialysis were in a pilot study investigated before and after
a single hemodialysis session. The extracorporeal dialysis circuit was
flushed regularly with saline to avoid clotting and the use of heparin.
Percutaneous skeletal muscle biopsies were taken before and after the
dialysis to determine the content of free amino acids together with the
concentration and size distribution of ribosomes before and after
dialysis, After dialysis the alanine concentration in muscle decreased by
20% (P < 0.05), while all other amino acids were unaffected. The total
nbosome concentration per mg of DNA decreased by 31% (P < 0.01)
and the relative proportion of polyribosomes by 7% (P < 0.05) after the
dialysis compared to predialytic values. All individual plasma amino
acids decreased during the dialysis procedure except for threonine and
arginine, which were unaltered, and leucine and isoleucine, which
increased. The decline in ribosome and polyribosome content together
with the changes in amino acid levels indicate a low capacity for protein
synthesis and increased catabolism in muscle of hemodialyzed patients.
Maintenance hemodialysis (HD) in patients with chronic
renal failure is associated with muscle wasting and catabolism
of muscle protein [11. Whole body protein metabolism is
improved by dialysis, but the effect of HD itself upon protein
metabolism is characterized by protein catabolism during the
session or even during the whole day of the session [2, 3]. The
amount of free amino acids lost into the dialysate is consider-
able 14—61. The protein catabolic effect is not uniformly distrib-
uted among the individual tissues in the body [3]. Skeletal
muscle is the largest tissue as it contains almost half the protein
content of the human body. Patients on maintenance HD during
many years demonstrate a loss of muscle proteins in parallel
with the development of muscle weakness and fatigue. The
mechanism is not clarified, and possible contributing factors
include inadequate dietary protein intake and effects from the
dialysis procedure. The effect of one single HD session upon
protein metabolism in skeletal muscle has not been character-
ized before.
In the following pilot study, we have determined the concen-
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tration and size distribution of ribosomes in skeletal muscle and
of free amino acids in skeletal muscle, and plasma before and
after one heparin-free hemodialysis to investigate amino acid
metabolism and muscle protein synthesis during hemodialysis.
Methods
Patients
Eight patients with chronic renal failure who on maintenance
hospital HD three times a week were studied. All of them were
in good physical condition and clinically stable, and they
represented a population of normal hospital dialysis patients in
Sweden. Their diets were without restrictions or amino acid
supplementation. Medication included diuretics (N 3), so-
dium bicarbonate (N = 4), phosphate binders (N = 2), extra
vitamins (N = 2) and a maintenance dose of corticosteroids
(prednisone 5 mg daily: N = 1). Their diagnoses were chronic
glomerulonephritis (N = 6), IgA nephritis (N = 1) and nephro-
sclerosis (N = 1). The characteristics of the patients and of the
dialysis procedure are given in Table 1. All patients were
investigated in the morning after an overnight fast. Fasting was
continued during the study period until after the second samples
were obtained. Muscle and plasma samples were taken within
30 minutes before and 30 minutes after the dialysis procedure.
For each patient studied, the dialysis session was compared
with the three previous and the three following dialyses to
ensure that the HD period studied did not differ from the others
by laboratory findings or the patient's subjective well being.
Otherwise healthy subjects (N = 42) of similar sex, age and
weight, who were metabolically healthy and had normal renal
function, who were admitted to hospital for elective cholecys-
tectomy, were used as a reference group (control group) for
determination of plasma and muscle free amino acids in the
postabsorptive state (14 male, 26 female, mean age 49.8 2.1)
[7].
The purpose and procedure of the investigation and the
possible risks involved were explained to the patients before
obtaining their voluntary consent. The research protocol was
approved by the Ethical Committee of the Karolinska Institute,
Stockholm, Sweden.
Muscle biopsies
Percutaneous muscle biopsies using the Bergstrom needle
were taken from the lateral portion of the quadriceps femoris
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Table 1. Patient characteristics
Time
Body Height on Duration Type
Age male! weight % of HD of HD of
No. years female kg ideal Diagnosis years hours filter
1 75 m 73 115 NS 2 3.5 A
2 18 m 58 86 CON 1 4.0 B
3 72 f 58 110 CGN 1 3.0 C
4 75 f 56 88 CGN 5 3.0 C
5 35 f 46 99 CON 1 3.0 C
6 75 m 60 95 CGN 3 3.0 C
7 23 f 51 84 CON 6 3.5 A
8 44 m 64 89 IgA 2 3.5 C
Mean 52.1 58.2 2.6 3.3
Weight
change
Scr xmol/ Surea mmol/ SAlbumin B-standardliter liter giliter bicarbonate
No. kg TMP before after before after before after mmollliter
1 2.5 158 1098 500 25.8 9.1 39 41 23
2 3.7 144 962 430 25.2 9.3 43 50 23
3 0 121 705 443 14.8 6.7 35 32 21
4 1.4 158 744 477 25.2 14.8 35 42 22
5 1.6 218 809 488 25.2 10.3 31 39 20
6 1.5 180 1069 811 24.7 15.8 41 40 22
7 2.7 160 936 416 27 9.6 39 47 20
8 1.4 187 842 401 39.1 13.7 41 41 20
Mean 3.3 166
muscle at approximately 15 cm above the knee. The Bergstrom
needle is a 5 mm true cut needle which requires local anesthesia
and a small incision in the skin. After penetrating the skin, the
subcutaneous fat and muscle fascia, the true cut gap is opened
to extract a biopsy from the muscle tissue [8]. None of the
patients experienced any discomfort such as pain, bleeding or
hematoma.
The tissue sample was carefully dissected to remove visible
fat and connective tissue. The biopsy specimens (approximate-
ly 100 mg) were divided into different portions for analyses of
ribosornes, free amino acids and intracellular water and elec-
trolytes. Each piece of muscle tissue was weighed three times
within 25 seconds on an automatic electrobalance (Cahn 29,
Cahn Instruments, Cerato, California, USA). Within five min-
utes after sampling, the specimens taken for ribosome determi-
nation and amino acid analysis were frozen in liquid nitrogen
and stored at —80°C until analyzed. The specimens for deter-
mination of intracellular water content were air dried for 30
minutes and then stored in acid-washed quartz-glass tubes
covered with parafllm until analyzed.
To avoid bleeding at the site of the muscle biopsies no
heparin was used. The extracorporeal dialysis circuit was
flushed every 30 minutes with 300 ml of saline to create a
heparin-free system. This amount of fluid was continually
ultrafiltrated during the dialysis, causing a rise in blood flow
from 200 mllmin to 300 ml/min.
Sucrose density gradient
Fig. 1. Size distribution of ribosome particles in a sucrose density
gradient expressed as absorption at 260 nm. The peaks corresponding
to 80S monoribosomes as well as 60S and 40S ribosome subunits are
identified. The area corresponding to polyribosomes is to the left of the
80S peak. The relative proportion of polyribosomes out of total ribo-
some particles was calculated. The sharp peak to the far left indicates
the bottom of the gradient. The dotted line is the background absorption
in the gradient.
Ribosome analysis
The concentration and the size distribution of ribosomes
were determined. In brief, muscle biopsies of approximately 50
rng wet weight were homogenized in a medium containing an
RNA:se inhibitor. After a low speed centrifugation the pellet
was saved for determination of DNA. The supernatant contain-
ing more than 80% of the total cytoplasmatic RNA was ultra-
centrifuged and the ribosorne pellet obtained resuspended and
divided into two parts. In one aliquot the absorbance at 260 nm
was measured and the total ribosome concentration was ex-
pressed as the optical density (OD units) per mg of DNA. The
second portion was layered on a sucrose density gradient, and
after ultracentrifiltration in a swing-out rotor, the gradient was
pumped through a continuous flow cuvette and the absorbance
monitored at 260 nm. In the ribosome profile (Fig. 1) the peaks
corresponding to ribosornal subunits, monoribosornes and poly-
ribosornes were identified. The proportion of polyribosomes
from the total ribosornes was calculated from the areas repre-
senting the different ribosomal particles. The registration from
the ribosome analysis results in a profile expressing the different
parts of the ribosome content. The area below the curve is
proportional to the amount of different ribosorne particles (Fig.
1). The method for determination of ribosome concentration
and distribution is described in detail elsewhere [9].
Amino acid analysis
The concentrations of free amino acids in plasma and skeletal
muscle before and after hernodialysis were determined. Also
the predialysis concentrations of amino acids in plasma and in
skeletal muscle were compared to the preoperative values of
the reference group (Table 2).
The concentrations of amino acids were determined using ion
exchange chromatography (Alpha Plus, LKB, Bromma, Swe-
den), applying DC-6 ion exchange resin (Benson Dun-urn,
Interaction, California, USA), and lithium citrate buffers [10].
80S
E 0.125C
C'4
C
0
60S
40S
bottom top
Abbreviation is: TMP, transmembrane pressure (mm Hg/m2/min).
Diagnosis abbreviations are: Ns, nephroscleorosis; cgn, chronic
glomerunephritis; IgA, IgA nephritis.
Filter abbreviations are: A, Travenol CA 130; B, Travenol CA 170
(cellulose acetate); C, Lundia 10 SN (cuprophane).
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Reference
group
Amino acid Before HD After HD (N = 42)
Taurine 58.9 8.9c 45.2 85d 93.6 52
Aspartate 16.5 1.1C 9.5 l.O 6.7 0.3
Threonine 125.9 22.7 96.9 10.8 145,7 5.5
Serine 103,8 11.3c 76.4 7.8 146.9 57
Asparagine 98.8 12.9 6.4.3 5.7" 77.9 3.4
Glutamate 95.5 25.4 79.1 22.5 79,4 4.3
Glutamine 563.9 38.4a 500,1 30,0 659.7 16,0
Glycine 330.6 36.9 240.0 21.9e 283.3 14.9
Alanine 386.8 75.8 216.5 45.1 333.4 15.3
Citrulline 107.1 9•4C 58.7 S.8 39,7 1.7
Valine 209.0 17.1' 172.2 l1.1 268.0 7.0
Cystine 96.5 6.lc 48.9 5,71 69.4 2.1
Methionine 29.1 2.6 20.9 1.6e 26.1 1.1
Isoleucine 57.8 5.0 63,1 4.5" 63.1 2.1
Leucine 114.2 11.Oa 134.7 7.2e 141.8 4.3
Tyrosine 61.7 8.5 47.7 7Øf 58.0 1.9
Phenylalanine 78.2 12.3 67.1 9.6" 58.6 1.6
Ornithine 73.5 10.7 53.1 7,7e 66.2 2.0
Lysine 137.9 8.1 105.4 6.9 191.9 6.6
Histidine 85.3 6.2 68.7 5.8c 84.4 2.9
3-Methis 34.6 2.6c 19.6 2.4" 6.8 1.9
Arginine 62.4 13.3 49.4 5.3 89.2 3.7
Sum total AA 2862 239 2178 159" 2969 68
Sum NESS AA 1952 175 1421 115" 1946 50
Sum ESS AA 910 66 756 46 1022 22
SUmBCAA 381 32 369 21 473 12
Data are means SEM.
a.b.c Significantly different from reference group, P < 0.05, P < 0.01,
P < 0.001, respectively. d,e,f Significantly different after HD as com-
pared with the paired predialytic values, P <0.05, P <0.01, P <0.001,
respectively.
Before analysis the muscle specimens were manually homoge-
nized in a glass homogenizer and the proteins precipitated in
sulfosalicylic acid. The intracellular free amino acid concentra-
tion in skeletal muscle was expressed as mmol per liter intra-
cellular water. The water content in the muscle was estimated
by the chloride method using Nernst's equation [10]. The
chloride content of the muscle specimens were determined by
potentiometric titration [11].
Statistics
The values are given as means SEM. The Wilcoxon
matched pairs test or Student's t-test for paired samples was
used to compare different observation, Student's t-test unpaired
samples to compare patients with controls [12]. A 90% confi-
dence interval for the reference group was calculated for all
individual amino acids. In the patients investigated only few
values were not included within these intervals.
Results
After one single hemodialysis the relative proportion of
polyribosomes declined by 3.2 1.35% of total ribosomes to
44.1 6.1% as compared with the level of 47.3 5.8% present
immediately before dialysis (P < 0.05; Fig. 2). The total
concentration of ribosomes decreased after one hemodialysis
by 22.8 6.7 OD units per mg of DNA (P < 0.02) compared
Fig. 2. Patients (N = 8) with CRF undergoing maintenance HD were
investigated before and after one single HD. Muscle protein synthesis
was assessed by the total ribosome concentration as well as the relative
proportion of polyribosomes after the HD given as percentages of the
initial predialytic values. A decrease was seen in both parameters (P <
0.05). Values are given as mean SEM.
with the basal value of 71.3 7.4 OD units per mg of DNA
obtained before dialysis (Fig. 2).
The concentrations of free amino acids in plasma and in
skeletal muscle were determined. In the dialysis patients the
predialysis concentrations in plasma of aspartate, citrulline,
cystein and 3-methyihistidine were elevated while those of
taurine, serine, glutamine, valine, leucine, and lysine were
lower compared to the reference group (Table 2). The concen-
trations of all the essential and nonessential amino acids de-
clined after a single HD except for arginine and threonine,
which did not change and leucine and isoleucine which in-
creased to the level of the controls (Fig. 3). Before HD skeletal
muscle concentrations of aspartate, asparagine, glycine citrul-
line, leucine, tyrosine, ornithine, phenylalanine and histidine
were elevated as compared to the reference group (Table 3).
After the dialysis a 20% decrease in the concentration of free
alanine was observed as compared to predialysis concentra-
tions (P < 0.05). No further significant changes were seen in the
concentrations of free amino acids after one single HD com-
pared to reference group (Table 3).
Discussion
One single session of HD lowered the nbosome content in
skeletal muscle indicating a decrease in protein synthesis.
Ribosome analysis reflects protein synthesis qualitatively.
No direct estimation of protein synthesis rate is thus possible,
but changes in protein synthesis between consecutive paired
samples are readily detected [13]. The coefficient of variation
for the determination of the total ribosome concentration and
for the percentage proportion of polyribosomes is less than 7%
Table 2. Concentration of free amino acids in plasma (mmol/liter) in
patients (N = 8) with chronic renal failure undergoing hemodialysis
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Fig. 3. The free amino acids in plasma
were determined before and after one
single HD and the changes are given as
percent of the initial predialytic values. ,
Significantly different from the
paired basal values, P < 0.05, P < 0.01, P
< 0.001, respectively.
Amino acid Before HD After HD
Reference
group(N = 42)
Taurine 22.71 3.54 16.43 2.68 20.33 0.97
Aspartate 2.68 0.28a 2.33 0.29 1.88 0.09
Threonine 1.06 0.08 0.91 0.1 0.97 0.05
Serine 1.25 0.08 1.24 0.34 1.16 0.07
Asparagine 0.95 0.7t 0.89 0.11 0.68 0.06
Glutamate 5.94 0.74 6.44 0.90 4.81 0.20
Glutamine 28.80 2.26 26.41 2.47 22.31 0.85
Glycine 3.42 0.19c 3.03 0.22 2.17 0.11
Alanine 5.07 0.63 3.67 0.43" 3.81 0.19
Citrulline 0.32 0.05" 0.33 0.07 0.14 0.03
Valine 0.26 0.05 0.31 0.05 0.36 0.02
Leucine 0.43 0.03c 0.38 0.07 0.29 0.02
Tyrosine 0.34 0.07a 0.34 0.13 0.15 0.01
Phenylalanine 0.22 0.05C 0.23 0.08 0.11 0.01
Ornithine 0.60 0.05 0.55 0.13 0.44 0.05
Lysine
Histidine
1.04 0.18
0.70 0.05"
0.95 0.14
0.63 0.07
1.42 0.10
0.52 0.03
Arginine 0.54 0.08 0.51 0.10 0.67 0.06
Sum total AA 53.48 3.88 48.68 3.77 42.21 1.36
Sum NESS AA 50.05 3.63 45.57 3.64 38.79 1.24
Sum ESS AA 3.43 0.31 3.11 0.30 3.42 0.18
Sum BCAA 0.73 0.06 0.77 0.10 0.74 0.04
[14]. Consequently the risk of not detecting a change of 10% in
any of those parameters is less than 5% in a group of eight
patients. In addition, information may be gained concerning the
mechanism behind changes in protein synthesis. The relative
changes in total ribosomes or the proportion of polyribosomes
reflects rate limitation of the initiation or elongation of the
polypeptide chain [15]. The ribosome method is the only
available technique to assess in vivo muscle protein synthesis
for repetitive measurements in patients. The ribosome config-
uration is representative at the time that the biopsy is taken,
reflecting dynamic processes [14]. In human skeletal muscle no
diurnal variation of the ribosome content or its size distribution
is seen in adult subjects under normal conditions [14]. Short
term starvation, elective abdominal surgery, or a stress hor-
mone infusion decreases the total content of ribosomes as well
as the relative proportion of polyribosomes [9, 16, 17]. This
indicates a decline in the capacity for protein synthesis, as the
"machinery" for the synthetic process shrinks, together with
depressed activity of protein synthesis, as represented by the
decreased utilization of the existing ribosome population [13].
Restitution of the ribosome changes is usually slow and the
proportion of polyribosomes is regained in advance of the total
ribosome concentration [18, 19]. During refeeding after short-
term starvation the relative abundance of polynbosomes is
normalized on the second day, but not the total content of
ribosomes [18]. After elective cholecystectomy the percentage
of polyribosomes is restored on day 20 postoperatively, while
the total amount of ribosomes remains low 30 days after surgery
[19].
The present results indicate a marked change of the total
ribosome content. This focuses interest upon reproducibility of
the ribosome isolation from the biopsy specimens. In basal
conditions the ribosomes amount to more than 80% of the
cytoplasmatic RNA content of the tissue [13]. There is no
reason to suspect the harvesting technique to be systematically
different after HD. There was a combined effect of starvation,
HD, and the possible stress of taking muscle biopsies. In
healthy subjects, however, a similar procedure but without
dialysis left the ribosome parameters unaffected [17]. This
suggests the dialysis procedure as the most likely cause of the
postdialytic depletion of ribosomes, and the relative shift from
polyribosomes to small inactive ribosome particles. The results
0
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Table 3. Concentration of free amino acids in skeletal
ICW) in patients (N = 8) with chronic renal failure
hemodialysis
muscle (smol/l
undergoing
Data are: means SEM.
a,b.c Significantly different from reference group, P < 0.05, P < 0.01,
P < 0.001, respectively, d Significantly different after HD as compared
with the paired predialytic values, P < 0.05.
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are indicative of a depression of muscle protein synthesis after
a single HD.
Since muscle biopsies were taken in the present study the
dialyses were heparin-free. This may cause a more pronounced
activation of coagulation and the complement cascades, but
there were no clinical signs of clotting in the filters used.
Several factors involved in the HD session may lead to a
depression of muscle protein synthesis. The dialysis membrane
(cuprophane) is shown to be a potent activator of endogenous
cytokines [20]. Different filter materials stimulate free amino
acid efflux from skeletal muscle to various degrees [21]. The
cuprophane filter used in most subjects here is a comparatively
potent stimulator of amino acid release from the muscle tissue.
This is reflected in the plasma amino acid concentrations. In
this study the patients showed low plasma amino acid concen-
trations after the dialysis, which is in accordance with previous
reports [21]. The loss of free amino acids from plasma to the
dialysate has been estimated to be 4 to 8 g each session [4]. The
losses are not proportional to the plasma concentrations of the
individual amino acids, although a relation between the total
plasma amino acid concentration and the total loss is reported
[221. The molecular weight of individual amino acids is also an
important factor for the clearance [22]. Among individual amino
acids the losses of alanine and glycinë are considerable [23].
This finding was confirmed in the present study, where these
two amino acids alone made up 36% of the total decrease of free
amino acids in plasma. This pattern was reflected in muscle
where alanine was the only amino acid to decrease significantly.
Alanine and glycine are the two amino acids with the lowest
molecular weight.
The elevation of leucine and isoleucine levels in plasma
during the dialysis confirms reports of similar results [4, 22].
However, no changes in intracellular leucine and isoleucine
were detected. The low gradients of those two amino acids
between the intra- and extracellular spaces usually gives con-
gruent changes in the two pools. Hence, the presence of high
plasma concentrations in parallel with normal muscle levels
suggests a comparatively low elimination of these branched-
chain amino acids during hemodialysis.
Muscle free amino acids show alterations in uremic paUents
with chronic renal failure. The concentrations of valine, threo-
nine, and lysine are consistently reported to be low in untreated
patients as compared to controls [4, 241. In addition arginine,
tyrosine, and histidine are sometimes low, while phenylalanine
and aspartate are high [25—28]. Patients on a low protein diet
supplemented with essential amino acids show an almost nor-
malized muscle amino acid pattern [26, 27]. Immediately before
dialysis patients on peritoneal dialysis (PD) show elevations of
most amino acids in muscle, while threonine, valine, and
carnosine are low [251. The only change after a 22 hour session
of PD is an increase of citrulline [25]. The tendency to high
levels of muscle free amino acids in patients on PD is confirmed
by an investigation of continuous ambulatory PD patients,
although a low level of taurine is found in these patients [28].
Variability exists in the results of muscle free amino acid
concentrations in patients with chronic renal failure undergoing
different treatment regimens. The decrease of vãline and the
increase in the urea cycle intermediates, citrulline, ornithine,
and arginine, are frequent but not obligatory findings. This
inconsistency in the muscle amino acid pattern contrasts with
what is seen after surgical trauma or during short term starvä-
tion [29—31]. The most important factor influencing this diver-
sity is probably the heterogenicity of the patient material. Even
though patients on maintenance HD do not show any signs of
malnutrition, there are considerable differences related to the
underlying disease, previous medication; immunological status,
food intake, efficacy of dialysis, susceptibility todysequilibrium
during dialysis, age and sex. In this as in most other studies, the
patients studied were on hospital ND, whereas home HD
patients generally are in better condition.
We found elevated levels of several essential as well as
nonessential amino acids in the postabsorptive state as com-
pared to metabolically healthy subjects with normal renal
function [7j. The pattern shows a resemblance to that of earlier
reports in HD patients [7, 26]. A recent report of a well-
characterized group of patients on maintenance HD shows less
pronounced changes compared to age- and sex-matched con-
trols [7]. These patients were investigated in between dialyses,
while the present material was studied immediately before and
after the dialysis procedure. In comparing the numerical values
of the two studies the controls were similar except for arginine,
which showed a lower value in the present investigation. This
minor difference is probably attributable to differences in ana-
lytic technique and should not conflict with the interpretation of
the results.
The results of the free amino acids and ribosome analyses in
skeletal muscle indicates a loss of alanine and a decrease of
protein synthesis in connection with HD. The loss of free amino
acids may contribute to the ribosome depletion in muscle, but
since the decrease in muscle free amino acid concentration was
only marginal, this is not very likely. The protein catabolic
effect evoked by the blood-membrane contact in the dialysis
filter may be mediated through cytokines. These substances are
shown to influence synthesis as well as degradation of muscle
proteins [20].
Since the anemia of HD patients now can be treated success-
fully and the negative effects of HD upon phosphate and
calcium metabolism counteracted, muscular weakness and fa-
tigue is Often a major discomfort for patients on HD. Our
findings in this pilot study suggest that this may be related to
muscle protein catabolism. To further elucidate such a connec-
tion, investigations employing complementary techniques of
assessing protein metabolism are required. The whole time
cycle including the dialysis procedure and the intervening
period should be studied.
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